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INTRODUCTION 
An organism which can synthesize an essential nutrient has a decided 
advantage over those organisms unable to do so. However, if that partic­
ular nutrient is abundant in the environment, all selective advantage is 
lost. In fact, it is wasteful for the organism to use energy to produce 
a substance that is already plentiful in the environment. Organisms have 
evolved methods of controlling the biosynthesis of essential nutrients, 
among which the control of the synthesis of amino acids has been most 
widely studied. Two methods by which an organism controls the bio­
synthesis of an amino acid are feedback inhibition and repression. Feed­
back inhibition is the inhibition of an enzyme that controls one of the 
initial steps in a biosynthetic pathway by the end product of that path­
way. In enzyme repression, the rate and extent of the synthesis of 
various enzymes in a pathway are controlled by the concentration of an end 
product of the pathway. In some cases the structural genes for the enzymes 
involved in the synthesis of a particular amino acid are controlled as a 
single unit by a coordinating element known as an operator. The operator 
is the site affected by the regulator for the cluster of structural genes. 
A cluster of genes controlled by an operator, including the operator gene, 
is called an operon. 
The histidine operon has been thoroughly analyzed in Salmonella typhi-
tmvivm. The histidine biosynthetic pathway of Staphylococcus aureus has 
been shown to be similar to that of S. typhimuvium because the structural 
genes for the enzymes involved in the synthesis of histidine are clustered 
into a small region on the chromosome, and the genes are in the same order 
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on the chromosome as in s. typhimuriwn. This study was undertaken to 
demonstrate the enzymes involved in histidine biosynthesis in S. axœeus 
and to determine the regulation of the pathway in order to ascertain if 
there are further similarities in the histidine biosynthetic pathways of 
S. typhimuvium, a member of the Enterobaoteriaoeae, and S. aureust a 
member of the M-ioroooaoaeeae. 
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LITERATURE REVIEW 
Elucidation of the biosynthesis of histidine in microorganisms has 
been performed mainly by using histidine-dependent mutants. Figure 1 
shows the currently accepted histidine biosynthetic pathway. 
One of the earliest studies of histidine biosynthesis was performed 
on histidine-dependent mutants of Neurospora ovassa. These mutants were 
separated into five genetic loci (Haas et al. ^ 1952). When the mutants 
were examined for the ability to utilize various natural and synthetic 
imidazoles in place of L-histidine, no stimulation of growth was observed. 
In addition, the mutants were examined for accumulations of various inter­
mediates in histidine biosynthesis on the assumption that a mutant would 
accumulate only those precursors preceding the genetic block. Culture 
filtrates were examined by ascending paper chromatography (Ames and 
Mitchell, 1952). After the chromatograms were sprayed with the Pauly 
reagent (Pauly, 1908), the Rf and color of any spots were noted. Wild-
type N. crassa and mutants C94 and CI40 accumulated no imidazoles in their 
culture filtrates. Mutants C84 and CI41 accumulated a compound with an 
Rf of 0.48 and a brown color; mutant CI41 also accumulated a compound with 
an Rf of 0.65 and a red color. Mutant T1710 accumulated a compound with 
an Rf of 0.60 and a red color. None of these compounds matched any of the 
standards used, and none supported the growth of any histidine mutant. 
In order to determine the sequence of the mutational blocks, recombi­
nants that possessed two different mutational sites affecting histidine 
biosynthesis were produced. Because a mutant will not accumulate a 
specific compound if a mutation preceding the reaction in the biosynthetic 
Figure 1. The histidine biosynthetic pathway in Salmonella typhimurim 
The structural genes which code for the synthesis of the enzymes involved are shown. 
The G gene codes for the pyrophosphorylase enzyme, E gene for pyrophosphohydrolase, 
J gene for cyclohydrolase, A gene for isomerase, H gene for amidotransferase, F gene 
for cyclase, B gene for dehydratase and phosphatase, C gene for transaminase and D 
gene for dehydrogenase. The abbreviations used are: PRPP = phosphoribosyl pyro­
phosphate, ATP = adenosine triphosphate, PR-ATP = phosphoribosyl-ATP, BBM II = phos­
phoribosyl -formimi no-ami no-phosphoribosyl -imidazole carboxamide, BBM III = phos-
phoribulosyl-formimino-amino-phosphoribosyl-imidazole carboxamide, AICAR = amino-
phosphoribosyl-imidazole carboxamide, IGP = imidazoleglycerol phosphate, lAP = imida-
zoleacetol phosphate, HP = histidinol phosphate. 
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pathway is introduced, the reactions were arranged in order by comparison 
of the accumulations of single mutants to the double mutants. From the 
results of these studies, a tentative sequence of reactions was postulated 
(Haas et al,, 1952) : 
X Y CI 41 . 2 T1710. L-histidine 
L-histidinol (HOL) was isolated from a histidine-dependent mutant of 
Esaheriohia eoli (Vogel et al., 1951). HOL was later proven to be the 
same imidazole accumulated by mutant T1710 of N. orassa, 
Ames et al. (1953) succeeded in identifying two of the intermediates 
accumulated by N. orassa. Mutant CI41 accumulated imidazoleacetol (lA) 
and imidazoleglycerol (IG); mutant C84 accumulated IG. However, neither 
lA nor IG substituted for L-histidine in any of the mutants, and thus they 
were not considered to be intermediates in histidine biosynthesis. 
The phosphate esters of the imidazoles accumulated by N. orassa were 
isolated by ion-exchange chromatography (Ames and Mitchell, 1955). The 
compounds isolated from mutant C141 were imidazoleacetol phosphate (lAP), 
imidazoleglycerol phosphate (IGP) and histidinol phosphate (HP). Mutant 
C84 yielded only IGP. Although none of these compounds stimulated the 
growth of any histidine-dependent mutant, this was attributed to imperme­
ability, because the structures of these imidazoles were consistent with 
those expected of precursors of histidine biosynthesis. With the discovery 
of these phosphate intermediates, the following pathway was proposed (Ames 
and Mitchell, 1955): 
IGP lAP w. HP CT41 ^ HOL 
L-histidine 
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The actual enzymatic conversions have also been studied. From E. coli 
and Arthvobaoter histidinolovorans, Adams (1954) isolated and purified L-
histidinol dehydrogenase which converted HOL to histidine using nicotinamide 
adenine dinucleotide (NAD) as the electron acceptor. The enzyme was not 
present in mutants which were unable to utilize HOL in place of histidine. 
The enzyme also converted L-histidinal to either L-histidine in the presence 
of NAD or to L-HOL in the presence of NADH (Adams, 1955). 
Ames and Horecker (1955) purified an enzyme from N. ovassa which 
catalyzed the formation of L-HP and a-ketoglutarate from lAP and L-gluta-
mate. Glutamate could be replaced by L-histidine, L-arginine and L-3-
aminoadipate, but the enzyme was not as active with these substrates. The 
purified enzyme required pyridoxal phosphate as a cofactor. Because none 
of the mutants isolated was blocked in this reaction, the lack of the 
transaminase could not be correlated with histidine dependence. 
L-histidinol phosphate phosphatase was isolated by Ames (1956). This 
enzyme converted L-HP to L-HOL and inorganic phosphate. Mutants blocked 
at this point were leaky because of nonspecific alkaline phosphatases. 
The enzyme D-erythro-imidazoleglycerol phosphate dehydrase catalyzed 
the dehydration of IGP to lAP (Ames, 1957). The enzyme required Mn** and 
a reducing agent for activity. Mutant C84, which accumulated IGP, had less 
than 1% of the dehydrase activity of wild-type Neurospora. 
The compatibility of histidine-dependent mutants of N. arassa isolated 
by Haas et al. (1952) was examined by the formation of heterocaryons 
(Beadle and Coonradt, 1944). Ascospores were allowed to germinate on solid 
minimal medium to distinguish mutant spores from wild-type spores. Since 
two histidine-dependent mutants were being crossed, a wild-type spore could 
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result only from a genetic recombination between the two mutants and thus 
the two mutants had to possess different mutational sites. 
Over 700 histidine-dependent mutants of N. orassa were studied by 
Webber and Case (1960). These mutants represented seven biochemical 
groups and were analyzed for linkage relationships and positions with 
respect to other markers. The h-Lst-6 and hist-7 regions appeared to be 
the same biochemically because neither accumulated Pauly-positive imida­
zoles, but both did accumulate Bratton-Marshal1-positive compounds 
(Bratton and Marshall, 1939), indicating the presence of diazotizable 
amines. The linkage group hist-3 contained the structural genes for the 
enzymes phosphoribosyl-ATP (PR-ATP) pyrophosphohydrolase, PR-AMP 1,6-
cyclohydrolase and HOL dehydrogenase (Ahmed et al., 1964). 
The histidine biosynthetic pathway has been studied in detail in 
Salmonella typhimuriim. Hartman (1956) examined histidine-dependent 
mutants of S. typhimurium by transduction and showed that they were 
clustered into four adjacent loci. This study was extended to over 1000 
histidine-dependent mutants (Hartman, Loper and Serman, 1960), which were 
shown to comprise a single linkage group of eight adjacent loci in the 
sequence E, Aj H, Cy D, G. The E gene was composed of four comple­
mentation units, as was the B gene, while the D gene was composed of two 
units. The B gene was studied in more detail (Loper, 1961). Mutants that 
mapped in the Bq complementation unit lacked IGP dehydrase and HP phos­
phatase, whereas most of the Ba^ Bb and Bd mutants lacked only IGP dehy­
drase activity. Loper concluded that each complementation unit coded for 
a different polypeptide which combined to form the active B enzyme. The 
B enzyme was thought to be bifunctional because the Bo mutants lost both 
9 
IGP dehydrase and HP phosphatase activity. 
In 1960, Ames et al. showed that three classes of histidine-dependent 
mutants (b, C and D) of 5. typhimiœivm were associated with the lack of the 
enzymes IGP dehydrase, lAP transaminase and HOL dehydrogenase respectively. 
The sequence of these genes on the chromosome corresponded to the sequence 
of enzymes in histidine biosynthesis. Certain multisite mutants were 
missing all three of these enzymes plus HP phosphatase. No single site 
mutants were found which affected only HP phosphatase activity. 
Loper and Adams (1965) purified HOL dehydrogenase from S. typhimurium. 
The enzyme had a pH optimum of 9.4 and was specific for NAD and HOL. Mn** 
ion was not required for activity, but the maximum velocity did increase 
in the presence of Mn** at higher temperatures. The enzyme was a dimer 
with subunits of identical size and composition (Loper, 1968). 
lAP transaminase (IAP:L-glutamate aminotransferase) was purified 
(Martin and Goldberger, 1967) and shown to contain one pyridoxal phosphate 
molecule per enzyme molecule. The enzyme was extremely stable but poly­
merized on aging. The enzyme was composed of two nonidentical subunits 
(Martin et al., 1967) which was unexpected because the C gene appeared to 
be composed of a single complementation unit. 
Amitrole (3-amino-l,2,4-triazole) was shown to inhibit IGP dehydrase, 
but the phosphatase portion of the B enzyme was completely unaffected 
(Hilton et al., 1965). S. typhirmriim eventually overcame the inhibition 
by increased synthesis of the histidine biosynthetic enzymes. The IGP 
dehydrase of Saookaromyaes aerevisiae was also inhibited by amitrole 
(Klopotowski and Wiater, 1965). 
Adenosine-5"-phosphate (AMP) was shown to combine with ribose-5'-
10 
phosphate to form "Compound III" which was then converted into IGP and 
5'-amino-l-D-(5'-phosphoribosyl)-4-imidazole carboxamide (AICAR). AICAR 
reacted with a single carbon unit to regenerate the purine ring (Moyed and 
Magasanik, 1957). It was proposed that adenosine triphosphate (ATP) was 
the actual compound that donated the N-C fragment to ribose-5'-phosphate 
rather than AMP (Moyed and Magasanik, 1960). 
The first step in the biosynthesis of histidine in S. typhimurium is 
the condensation of 5-phosphoribosyl-l-pyrophosphate (PRPP) with ATP by 
the enzyme phosphoribosyl-ATP pyrophosphorylase to form PR-ATP and pyro­
phosphate (Ames et al., 1961). The enzyme was purified by Martin (1963a), 
who showed that it was specifically inhibited by histidine. The enzyme 
was further purified (Voll et al., 1967) and shown to consist of six 
identical subunits. This reaction was considered the first step in 
histidine biosynthesis because the substrates ATP and PRPP are involved 
in many metabolic pathways and any organisms blocked before this step would 
exhibit multiple requirements for growth. 
Smith and Ames (1964) provided evidence for the intermediates between 
the condensation of ATP and PRPP, and the formation if IGP, and determined 
that the enzymes responsible for the synthesis of IGP were produced by the 
G, E, ly A, H and F genes in Salmonella. The actual steps involved are 
shown in Figure 1. Originally it appeared that the cyclohydrolase (j) 
enzyme acted on PR-ATP to form a Bound Bratton-Marsha11 (BBM) I compound 
and then the pyrophosphohydrolase {E) acted on this product to form phos-
phoribosyl-formimino-AICAR (PR-F-AICAR or BBM II). Smith and Ames (1965) 
showed that this was only a side reaction of the pathway because the 
cyclohydrolase enzyme acted on PR-ATP very slowly. 
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The A enzyme (PR-F-AICAR isomerase) was purified and was composed of 
one polypeptide chain (Margolies and Goldberger, 1966). The isomerases 
isolated from repressed and derepressed histidine-dependent mutants were 
antigenically identical (Margolies and Goldberger, 1967). 
The sedimentation properties of the enzymes involved in histidine 
biosynthesis have been studied (Whitfield et dl.t 1964) and the following 
molecular weights were determined for the proteins synthesized by the 
various genes: E = 43000, I = 48000, F = 41000, 4 = 27000, H = 44000 and 
B = 145000. The molecular weights of the enzymes of the G, D and c genes 
were determined by Martin and Ames (1961) to be 200000» 75000 and 65000 
respectively. The molecular weight of the B enzyme dropped by one-half 
following partial purification or aging, and thus the dehydrase-phos-
phatase enzyme complex may exist as an aggregate form (Vasington and 
LeBeau, 1967). 
The regulation of histidine biosynthesis occurs by two mechanisms: 
1) feedback inhibition of the first enzyme by L-histidine and 2) L-
histidine repression of the synthesis of all enzymes of histidine bio­
synthesis. 
Moyed and Friedman (1959) postulated that the ability of some struc­
tural analogs to inhibit growth was due to their ability to inhibit the 
feedback-sensitive enzyme of the pathway. Moyed (1961) demonstrated this 
to be the case with the histidine analog, 2-thiazolealanine. Mutants which 
were resistant to 2-thiazolealanine were also resistant to feedback inhi­
bition. Sheppard (1964) isolated mutants of S. typkimurium resistant to 
the analog and showed that they all mapped in the G locus. All of these 
mutants excreted histidine even though they were still sensitive to 
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repression, thus showing that feedback inhibition of any early enzyme was 
essential for end product regulation. 
Enzyme repression regulates the synthesis of enzymes of a biosynthe-
tic pathway. Ames and Garry (1959) investigated the repression of the 
synthesis of the last four enzymes of the histidine pathway in S. typhi-
muvium. IGP dehydrase, lAP transaminase, HP phosphatase and HOL dehydro­
genase were all affected to the same extent in all extracts tested. 
Goldberger and Berberich (1965) performed a more refined experiment 
in which all of the histidine biosynthetic enzymes were assayed. They 
showed that following histidine depletion, the specific activities of the 
histidine enzymes began to increase in sequence. Moreover, the temporal 
sequence observed corresponded to the positional sequence of their struc­
tural genes in the histidine operon. In mutants unable to produce AICAR, 
simultaneous derepression of all the histidine biosynthetic enzymes 
occurred. If AICAR was added to the culture medium of these mutants, 
sequential derepression occurred. Adenine caused a shift to the simul­
taneous mode of derepression in the strains that normally derepressed 
sequentially. Upon addition of histidine to a derepressed culture, the 
enzymes become repressed in a sequence corresponding to the positional 
sequence of the genes in the histidine operon (Kovach et 1969). 
Ames and Hartman (1962) showed that the histidine activating enzyme 
which links histidine to its specific transfer-RNA was not repressed by 
histidine. Also the gene for this enzyme mapped outside the cluster of 
histidine biosynthetic genes. 
The histidine analog, 1,2,4-triazolealanine, was incorporated into 
proteins in place of histidine and caused repression of the histidine 
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enzymes (Levin and Hartman, 1963). 
The histidine analog, 2-methylhistidine, caused derepression of the 
pathway (Schlesinger and Magasanik, 1964). 2-methylhistidine appeared to 
effect the attachment of histidine to t-RNA although 2-methylhistidine 
also combined with t-RNA. Since it was thought that the amount of histi­
dine in cells determined derepression of biosynthetic enzymes and 2-
methylhistidine did not decrease the amount of histidine in cells, it was 
postulated that the amount of histidine-t-RNA and not free histidine 
determined the degree of repression in cells. 
Some histidine-dependent mutants of S. typhimurium with deletions in 
the G region inhibited the synthesis of all other enzymes in the histidine 
pathway and thus were thought to be operator mutants (Ames et al., 1963). 
If a portion of the histidine operon (p. segment) containing genes E 
through D was translocated into an 0° mutant as a episome-like element, 
the histidine genes functioned. 
In order to prove the theory that his-t-RNA actually controlled the 
degree of repression, histidine regulatory mutants were selected by noting 
resistance to triazolealanine which acts as a false repressor (Roth, Anton 
and Hartman, 1966). Six types of triazolealanine mutants were isolated: 
hisO, hisR, hisS, hisT, hisU and hisW. The hisO mutants were operator 
mutants which mapped at the 'right' end of the G gene. In the MsR mutants, 
the concentration of his-t-RNA was 55% of that contained in wild-type; how­
ever, no difference in the nature of the t-RNA's could be detected (Silbert 
et al. i 1966). Mutants of the hisS gene had an altered his-t-RNA synthe­
tase (Roth and Ames, 1966). No biochemical alteration was detected in hisT 
mutants (Roth, Silbert et al., 1966) which had high repressed levels of 
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histidine biosynthetic enzymes and normal specific activity of his-t-RNA 
synthetase; the same is true for hisU and mutants (Anton, 1968). 
By creating partial diploids with transferred episomes from E. ooli^ 
hisHj Tj Wj and u mutations were shown to be recessive to the wild-type 
allele. The hisO mutations still caused repression in the presence of the 
normal 0^ on the episome, but the 0° mutation on the chromosome did not 
cause derepression of the histidine operon on the episome (Fink and Roth, 
1968). 
A model has been developed in which his-t-RNA is directly involved in 
control at the trans!ational level (Ames and Hartman, 1963). The operator 
would be a control region at or near the beginning of the polycistronic 
message corresponding to the histidine operon which is translated uni-
directionally from the operator end (Martin, 1963b). The m-RNA is stripped 
off the gene by the translational process. A model that takes the role of 
his-t-RNA into account is that the initiation of reading is controlled by 
having a histidine codon in some critical spot of the RNA operator so that 
charged t-RNA (his) causes a block while uncharged t-RNA (his) allows 
initiation (Roth, Silbert et al., 1966). 
The discovery of polarity mutants caused Ames and Hartman (1963) to 
propose a new theory of regulation. Polarity mutants lacked a specific 
enzyme, as expected, but also possessed lower activities of enzymes con­
trolled by genes on the 'left' (Figure 1) side of the mutated gene. Genes 
to the 'right' of the mutated gene possessed normal enzyme levels. Polar­
ity mutants were explained by a process called modulation. Mutations 
occurred which altered the coding triplets of DNA so that they no longer 
coded for an amino acid. A ribosome reading the polycistronic messenger 
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would have a high probability of falling off at this modulating triplet, 
and thus the reading to the 'left' of a modulating triplet would be less 
frequent than to the 'right'. 
Histidine-dependent mutants were separated into nonsense, missense 
and frameshift classes by mutagenesis, suppressor data from amber and 
ochre suppressors and phenotypic curing (Ames and Whitfield, 1966). All 
mutants located in the C gene were classified by this method (Whitfield 
et al., 1966). All frameshift and nonsense mutants were polar and all 
missense mutants were nonpolar (Martin, Silbert et al., 1966). However, 
mutants in the first complementation unit of the c gene were strongly 
polar, but those located in the second complementation unit were only 
weakly polar (Martin and Talal, 1968). In view of this data, the following 
model was proposed (Martin, Whitfield et al., 1966). The ribosome can 
associate with the polycistronic messenger only at the operator end. When 
a ribosome encounters a nonsense codon, peptide chain termination occurs 
and the ribosome slips down the subsequent portion of m-RNA with no defined 
phase and with a definite probability of becoming dissociated from the m-
RNA. When the ribosome encounters a chain initiating region, polypeptide 
synthesis may resume. This resumption of polypeptide synthesis is in part 
dependent on the efficiency of a particular chain initiator signal. Thus, 
the extent of polarity is not entirely dictated by the probability of 
ribosome dissociation as a function of physical distance between the non­
sense codon and the subsequent chain initiator region. Since the C gene is 
composed of two nonidentical polypeptide chains (Martin et al., 1967), the 
second chain may be initiated by a low efficiency initiator, which would 
cause the difference in polarity in C mutants. 
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The histidine biosynthetic pathway has been studied in several other 
microorganisms. The histidine genes were located throughout the genome of 
Saaoharomyaes aerevisiae (Hawthorne and Mortimer, 1960). The hist-4 locus 
of S. aerevisiae contained the structural genes for PR-ATP pyrophosphohydro-
lase, PR-AMP cyclohydrolase and HOL dehydrogenase and appeared to be organ­
ized into a functional unit because polar and operator mutants were iso­
lated (Fink, 1966). 
Seven unlinked loci were found in Asipevgilt-is nidulans, one of which 
included the structural genes for the pyrophosphohydrolase, the cyclo­
hydrolase and the dehydrogenase (Berlyn, 1967) which is similar to the 
linkage patterns found in S. aerevisiae and N. avassa. 
In Streptomyoes coeliaolor, five genes comprised a single cluster and 
three additional genes were located at separate cites (Berlyn, 1967). 
Five unlinked groups of histidine-dependent mutants were found in 
Pseudomonas aeruginosa (Mee and Lee, 1967). Two of these groups appeared 
to be complex and each consisted of at least two genes. 
In Sacoharomyees laetis , nine histidine-dependent mutants mapped at 
four loci (Tingle et al., 1968). 
Chapman and Nester (1969) isolated mutants of Bacillus subtilis 
affecting nine of the ten steps in histidine biosynthesis. A major link­
age group was composed of the structural genes for five enzymes in the path­
way. Another linkage group coded for three enzymes in the pathway. The 
gene that coded for the phosphatase enzyme was unlinked to any other histi­
dine locus. 
Histidine-dependent mutants of Staphyloaoacus aureus were differenti­
ated into five biochemical groups on the basis of Pauly-positive accumu­
17 
lations (Kloos and Pattee, 1965a). A mutants accumulated AICAR. s mutants 
accumulated IG. c mutants accumulated lA. D mutants accumulated HOL. E 
and G mutants, distinguished by genetic studies, failed to accumulate Pauly-
positive histidine intermediates. A comparison of the accumulation of 
histidine intermediates of S. aureus and s. typhimurium indicated that a 
similar, if not identical, pathway was used to synthesis histidine in the 
two bacteria. 
A genetic map of the histidine region in S. ccureus was constructed by 
means of transduction (Kloos and Pattee, 1965b). The sequence of genes 
was E, A, B, c, D, G. The A gene was composed of three complementation 
units and the G gene was composed of two complementation units. The order 
of genetic loci in the histidine region of S. aureus was identical to the 
order of genetic loci in the histidine operon of S. typhimurium. 
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MATERIALS AND METHODS 
Medi a 
The following media were used during this study: trypticase soy 
broth and agar (TSB and TSA, Baltimore Biological Co., Baltimore, Md.)> 
brain heart infusion (BHI, Difco, Detroit, Mich.), P and D agar (nutrient 
broth containing 0.25% KjHPO,^, 0.2% glucose and 1.5% agar) and a synthetic 
medium (S broth, Kloos and Pattee, 1965a). S agar containing 4-amino-l,2,-
4-triazole (amitrole, Mann Research Laboratories, Inc., New York, N.Y.) at 
concentrations of 20, 50 and lOOmM (20 AT-S, 50 AT-S and 100 AT-S agar) 
was also utilized. The basal salts of the S broth plus 0.4% glucose, as 
well as the E medium of Vogel and Bonner (1956), were used for the growth 
of Salmonella typhimur-iim. 
All glassware used in conjunction with the synthetic medium was 
cleaned by soaking in Haemo-Sol (Meincke and Co., Inc., Baltimore, Md.), 
followed by a thorough rinsing with tap water and three times with dis­
tilled water before use. 
Bacterial Strains 
Staphyloaoocus aiœeus 655 (Pattee and Baldwin, 1961) and the histi-
dine-dependent mutants hisAa-l, hisAb-12j hisAo-76, MsB-2j htsC-14^ 
hisD-32j hisE-49, hisGa-75j hisGb-13 and hisGb-15 of Strain 655 were used. 
These mutants have been previously described (Kloos and Pattee, 1965a). 
Salmonella typhimurium LT-2 and the histidine-dependent mutants hisE-
11 and hisG-46 derived from LT-2 were also employed (Hartman, Loper and 
Serman, 1960). 
All cultures were maintained on BHI agar slants in screw-caps tubes 
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at 4 C. Stock cultures were transferred every three months. Working stock 
cultures were prepared from stock cultures by inoculating BHI agar slants 
and incubating for 12 hr. at 37 C. Working stock cultures were replaced at 
one week intervals. 
Standard Conditions 
All cultures were incubated at 37 C unless otherwise indicated. Broth 
cultures in tubes were shaken on a Model 2156 shaker (Warner-Chillcott 
Laboratories, Richmond, Calif.) at a setting of '10' (190 oscillations/-
min.). Broth cultures in flasks were shaken on a Model VL platform shaker 
(New Brunswick Scientific Co., New Brunswick, N.J.) at a setting of '1' 
(175 revolutions/min.). All centrifugations were performed at 0-4 C in a 
Sorvall RC-2B refrigerated centrifuge (Ivan Sorvall Inc., Norwalk, N.J.). 
The growth of cultures was measured by determining the optical density 
(O.D.) at 540nm in a Bausch and Lomb Spectronic 20 Colorimeter. All O.D. 
determinations for enzyme assays were measured on a Gilford Model 2000 
Multiple Sample Absorbance Recorder (Gilford Instruments Laboratories Inc., 
Oberlin, Ohio). 
Growth of Cells for Lysis 
Cells were inoculated from a working stock culture into TSB at an O.D. 
of approximately 0.15 and incubated with shaking for 6 hr. The TSB culture 
was used to inoculate S broth, the standard inoculum being 1 ml of TSB 
culture per 100 ml of S broth. The initial O.D. of the S broth culture 
(usually consisting of 1-1 of S broth in a 2800-ml Fernbach flask or 350 ml 
in a 2-1 Erlenmeyer flask) inoculated in this fashion was approximately 0.05. 
Flask cultures were incubated for 7 to 10 hr. and were harvested by centri-
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fugation at 16,000 x g. The cells were washed twice in IM KzHPO^-KHzPO^ 
buffer, pH 8.0 (PO^ buffer) or 0.2M triethanolami ne*HCl buffer, pH 7.8 
(TEA buffer). The cells were resuspended at a concentration of 1 g wet 
weight of cells/5 ml of a buffer suitable for the lysis technique employed; 
0.01 ml of O.IM Cleland's reagent (A grade, Calbiochem, Los Angeles, Calif.) 
was added per ml of resuspended cells. 
Methods for Lysing S. ccureus 
Staphylolytic enzyme of Pseudomonas aeruginosa 
The methods of isolation and purification of the staphylolytic enzyme 
have been previously described (Burke and Pattee, 1967). In preparing the 
staphylolytic enzyme from P. aeruginosa, a treatment involving precipita­
tion with airanonium sulfate has been included before the enzyme is placed 
on phosphonic acid (P) cellulose and, in addition, the enzyme was fraction­
ated on a Sephadex G-200 column after P cellulose treatment. The super­
natant fluid obtained after acetone treatment was slowly mixed with an 
equal volume of saturated ammonium sulfate, pH 7.4. The precipitate was 
allowed to settle, collected by centrifugation at 8000 x g for 30 min. and 
dissolved in O.OIM POi* buffer, pH 8.4 containing 2 x lOr^M MgClz and MnClg. 
The enzyme was applied to a P cellulose column as previously described. 
The eluted enzyme was stabilized with MgCl2, MnClg and 0.01% bovine serum 
albumin, fraction V (Calbiochem) and then dialyzed against aquacide 1 
(Calbiochem). This solution was applied to a 4 x 20 cm Sephadex G-200 
(Pharmacia Fine Chemicals Inc., Piscataway, N.J.) column and eluted with 
O.OIM PO4 buffer, pH 8.4. The eluted enzyme was reduced in vplume with 
aquacide 1 and lyophilized in the presence of O.IM NagHPO^. The staphylo-
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lytic enzyme purified to the ammonium sulfate step [(NHij)2S0.t enzyme], the 
P cellulose step (P enzyme) and the Sephadex G-200 step (G-200 enzyme) has 
been used for the lysis of S. aureus. 
Cells of S. aureus resuspended in 0.2M TEA, pH 8.5 and equilibrated 
to 37 C, received 500 units/ml of the staphylolytic enzyme from P. aerugi­
nosa. After incubation at 37 C for 10 min., 0.01 mg/ml of deoxyribo-
nuclease I (DNase, Worthington Biochemical Corp., Freehold. N.J.) was added 
and incubation continued 10 min. longer. The lysate was quickly chilled in 
an ice bath and centrifuged for 20 min. at 39,000 x g. 
Cell Homoqenizer 
s. aureus in PO4 or TEA buffer was mixed with twice its volume of 
glass beads (45-90 u, Sigma Chemical Co., St. Louis, Mo.). The resulting 
mixture was shaken on a Braun Mechanical Cell Homogenizer, Model MSK 
(Bronwill Scientific Co., Rochester, N.Y.) for 4 min. The temperature was 
kept near 0 C with liquid CO2. The glass beads were removed by centri­
fugation at 8000 X g for 8 min. A small amount of buffer was added to the 
glass beads to extract further protein. The supernatant fluid from the 
first centrifugation and the buffer used to extract the glass beads were 
centrifuged separately at 39,000 x g for 20 min., and the supernatant fluids 
were combined. 
Acetone-dried cells 
Cells resuspended in saline were added to cold acetone (-15 C) with 
continuous stirring. One 1 of acetone was needed for each 3 g wet weight 
cells. The acetone and cells were allowed to stand 10 min. at 0 C, and 
the mixture was filtered through Whatman #1 filter paper on a Buchner 
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funnel. The cells collected on the filter were dried overnight in a vacuum 
oven at 22 C. 
Biosonik II 
Cells of s. caœcus in TEA or POiv buffer were mixed with twice their 
volume of glass beads. The mixture was sonicated with a Bronwill Biosonik 
II (Bronwill Scientific Co.) using the standard probe for 6 min. at 20,000 
cps. The suspension was iiranersed in an ice bath during sonication to keep 
the suspension near 0 C. After sonication, the beads were extracted with 
buffer as in the homogenizer procedure. Salmonella typhimurium was also 
lysed in this manner. 
Lysostaphin 
Lysostaphin (a gift of Mead Johnson and Co., Evansville, Ind.) at a 
concentration of 0.1 mg/ml of cell suspension was added to cells resus-
pended in 0.2M TEA or IM POi» buffer (pH 7.8). Lysis was allowed to proceed 
for 15 min. at 37 C. To decrease the viscosity of the resulting solution, 
DNase was added. After incubation, certain of the suspensions were soni­
cated for 1 min. at 10,000 cps to decrease viscosity. The lysate was cen-
trifuged for 10 min. at 8000 x g. The unlysed cells were resuspended in a 
small amount of buffer, sonicated at 10,000 cps for 1 min. and then cen-
trifuged along with the supernatant fluid at 39,000 x g for 20 min. These 
crude extracts were routinely passed through a 2 x 15 cm Bio-Gel P-2 
column to remove low molecular weight components and stored at 4 C. 
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Assays 
Histidinol dehydrogenase 
HOL dehydrogenase was assayed by employing a modification of the 
technique of Ames et al. (1963). The incubation mixture contained 0.01-
0.05 ml of cell extract, 0.4 ml of IM PO4 buffer, pH 8.5, 0.01 ml of 10"^M 
CdSOit (J. T. Baker Chemical Co., Phillipsburg, N.J.) and 0.2 ml of dye mix. 
The dye mix (Nachlas et a%., 1960) was composed of 0.5 ml of NAD (15 mg/ml, 
A grade, free acid, Calbiochem), 0.5 ml of 0.2% gelatin (Aldrich Chemical 
Co., Inc., Milwaukee, Wise.), 0.5 ml of phenazine methosulfate (0.4 mg/ml, 
Calbiochem) and 2.5 ml of 2-p-iodophenyl-3-p-nitrophenyl-5-phenyl tetra-
zolium (3.2 mg/ml, Dajac Laboratories, The Borden Chemical Co., Phila­
delphia, Pa.). The reaction was started by adding 0.02 ml of neutralized 
L-H0L'2HC1 (6 mg/ml. Grade I, Cyclo Chemical Co., Los Angeles, Calif.) and 
was incubated at 37 C. The reaction was stopped by the addition of 0.2 ml 
of IN HCl and the sample was read against a blank without HOL at 520 nm. 
All assays were performed in triplicate. Each 1 ymole of NADH formed 
resulted in an O.D. increase of 10. A unit of activity is defined as the 
amount of enzyme catalyzing the formation of 1 ymole of NADH/hr. under the 
assay conditions. 
HOL dehydrogenase was also assayed by a modification of the method of 
Loper and Adams (1965). The standard assay mixture contained 0.5 ml of 
0.2M TEA (pH 8.6), 0.1 ml of NAD (9 mg/ml), 0.05-0.10 ml of enzyme and 
0.02 ml of HOL (6 mg/ml). The reduction of NAD at 340 nm was measured at 
37 C. A unit of activity is defined as an O.D. change at 340 nm of 1.0/hr. 
• 
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Lactic dehydrogenase 
Lactic dehydrogenase was assayed by the method used to assay HOL 
dehydrogenase (Ames et 1963). CdSOt was omitted from the incubation 
mixture and 0.03 ml of 5mM sodium lactate (Fisher Scientific Co., Fair 
Lawn, N.J.) was employed as the substrate in place of HOL. The amount of 
cell extract utilized in the assay was decreased to 0.01-0.04 ml. A unit 
of activity is defined as the amount of enzyme catalyzing the formation of 
10 ymole of NAOH/hr. 
Imidazoleqlycerol phosphate dehydratase 
IGP dehydratase was assayed by a modification of the method of Ames 
et al. (1960). A buffer mixture containing 5.0 ml of 0.2M TEA (pH 8.1), 
0.03 ml of concentrated 2-mercaptoethanol (Calbiochem) and 0.01 ml of 
O.IM MnCla was prepared. The incubation mixture consisted of 0.30 ml of 
buffer mixture, 0.01-0.10 ml of cell extract and 0.01 ml of IGP (IGT^M). 
After the assay tube was incubated for 30 min. at 45 C, the reaction was 
stopped with 0.7 ml of 1.5N NaOH. The tubes were incubated for another 
20 min. at 37 C to allow complete enolization of the lAP formed. The O.D. 
was read against the blank which contained water in place of IGP at 290 nm. 
All assays were performed in duplicate. Each 0.1 ymole of lAP formed 
resulted in an increase in O.D. of 0.51 at 290 nm. An enzyme unit is 
defined as the amount of enzyme catalyzing the formation of 0.1 ymole of 
lAP/hr. under the assay conditions. 
Imidazoleacetol phosphate transaminase 
lAP transaminase was assayed by the methods of Ames et al. (1960), 
Ames and Horecker (1956), Martin and Goldberger (1967) and Chapman and 
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Néster (1968). 
Histidinol phosphate phosphatase 
HP phosphatase was assayed by the methods of Ames et al. (1960) and 
Ames (1957). Because protein at a concentration over 200 yg interfers 
with the assay, it was routinely removed with 0.1 ml of 50% trichloro­
acetic acid before the molybdate reagent was added. 
Phosphori bosyl-ATP pyrophosphorylase 
PR-ATP pyrophosphorylase was assayed by a modification of the 
technique of Ames et al. (1961). The incubation mixture consisted of 0.5 
ml of 0.2M TEA buffer (pH 8.5) containing lOr^M MgClz, 0.03 ml of O.IM 
neutralized dipotassium ATP (Mann Research Laboratories), 0.04-0.10 ml 
of cell extract and 0.03 ml of 6.6mM PRPP (Mann Research Laboratories) 
containing 20mM disodium ethylenediami ne tetraacetate (EDTA, Fisher 
Scientific Co.). The increase in O.D. at 290 nm was measured at 30 C 
using a blank which lacked PRPP. Because the assay was not reproducible, 
a unit of activity was not defined. 
Bratton-Marshall determination of diazotizable amines 
Diazotizable amines were determined by the method of Bratton and 
Marshall (1939) as modified by Ames et al. (1961). The incubation mixture 
contained 0.5 ml of 0.2M TEA buffer (pH 8.5) containing lOr^M MgClz, 0.03 
ml of O.IM ATP, 0.03 ml of 6.6mM PRPP, 0.03 ml of O.IM glutamine and 0.05-
0.10 ml of cell extract. After incubation for 30 min. at 37 C, 0.2 ml of 
IN HCl was added to the incubation mixture. The sample was split into two 
aliquots, one of which was heated at 100 C for 5 min. The samples were 
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cooled to 0 C, 0.05 ml of 5% sodium nitrite was added and the tubes were 
allowed to stand at 0 C. After 2 min., 0.25 ml of ammonium sulfamate 
(5% solution) was added to the sample which was then thoroughly mixed and 
allowed to stand for 2 min. at room temperature. The color was developed 
by the addition of 0.25 ml of a 0.1% solution of N-(l-napthyl)ethylene-
diamine*2HCl; 4-amino-5-imidazole carboxamide (AICA, A grade, Calbiochem) 
was employed as the standard. 
IGP determi nati on 
The concentration of IGP was determined by periodate oxidation (Ames, 
1957). To 0.1 ml of neutral or slightly acidic solution of IGP, 0.5 ml of 
O.IM sodium metaperiodate (Fisher Scientific Co.) was added and allowed to 
stand for 10 min. at room temperature. One ml of l.OM ethylene glycol was 
added to decompose excess periodate and, after 3 min., 1.5 ml of O.IN NaOH 
was added. The O.D. of the solution was read at 280 nm against a blank to 
which an IGP sample was added after the addition of ethylene glycol. One 
umole of IGP resulted in an O.D. reading of 4.6 under these conditions. 
If the IGP sample contained 280 nm absorbing material, 4.0 ml of n-
butanol, 0.2 ml of piperidine and 0.2 ml of saturated sodium borate were 
added in place of the ethylene glycol and NaOH. The tubes were shaken for 
20 seconds and centrifuged. The O.D. of the butanol layer was read at 
310 nm against a blank containing water. One ymole of IGP resulted in an 
O.D. reading of 2.3 under these conditions. 
Protein determination 
Protein was determined by the biuret method (Gornall et aZ., 1949) 
using egg white lysozyme (B grade, Calbiochem) as standard. To compensate 
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for the false positive reaction of TEA in the biuret reaction, the standards 
and control were prepared in TEA buffer. 
Chromatography 
Assay mixtures were spotted on Whatman #1 filter paper for ascending 
chromatography. Methanol :chloroform:10% formic acid (3:3:1) (Ames and 
Mitchell, 1955) or n-butanol: 2N NH3 (saturated) (Block et al,, 1958) were 
used as solvents for chromatography. Chromatograms were developed until 
the front was 20 cm from the origin, after which they were dried at room 
temperature for at least 2 hr. The chromatograms were then sprayed with 
the diazosulfanilic acid reagent followed by 5% NazCOs (Ames and Mitchell, 
1952). The reagent of Hanes and Isherwood (1949), which indicates in­
organic phosphate or phosphoric esters, was used in some instances. 
Chemical standards employed were L-histidine, L-HOL, L-HP (B grade, 
Calbiochem) and IGP. 
Organic Syntheses 
Synthesis of IGP 
IGP was synthesized according to the method of Ames (1957) as modi­
fied by Ames et al. (1960). Three g of barium ribose 5-phosphate (Mann 
Research Laboratories) and 6 g of formamidine acetate (K & K Laboratories, 
Plainview, N.J.) were dissolved in water to give 250 ml of solution, pH 
6.0. (The ribose 5-phosphate never completely dissolved). The solution, 
contained in a 250 ml stoppered volumetric flask, was placed in an 80 C 
oven for 15 hr. The entire solution was applied to a 2.5 x 40 cm AG 50W-
X8, 200-400 mesh column (Bio-Rad Laboratories, Richmond, Calif.) in the 
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hydrogen form. The column was eluted with a linear gradient of 500 ml of 
water to 500 ml of 0.5N HCl. Ten ml fractions were collected and the tubes 
were tested qualitatively by the diazo reaction (Ames and Mitchell, 1952) 
and quantitatively by periodate oxidation. Fractions 85-100 were collected 
and lyophilized. The lyophilized residue was resuspended in 10 ml of water 
and 1 ml of IN NaOH. The pH of the solution was 6.0. This solution was 
placed on an AG 1-X8, 200-400 mesh column (Bio-Rad Laboratories) in the 
acetate form. [The AG 1 resin was changed from the chloride form to the 
acetate form by the method of Busch (1957)]. The column was eluted with IN 
acetic acid, and 10 ml fractions were collected. Fractions 22-30 were 
collected and lyophilized. The Rf value in the methanol : chloroform:formic 
acid solvent was the same as reported by Ames and Mitchell (1955). No IG 
was present. 
Synthesis of formyl-histidine 
Formyl-histidine was synthesized by a modified method of Fischer and 
Cone (1908). Five g of L-histidine (free base, A grade, Calbiochem) and 
8 g of formic acid (reagent, anhydrous, Matheson, Coleman and Bell Inc., 
Norwood, Ohio) were combined in a 250-ml suction flask closed by an alu­
minum foil-covered rubber stopper. The mixture was heated for 2 hr. at 
90 C. A vacuum was applied to the system for 1/2 hr. to reduce the volume. 
Eight g of formic acid were added, and the mixture was heated for 2 hr. at 
90 C. The solution was lyophilized to a thick syrup and absolute ethanol 
was added until a precipitate formed. The precipitate was redissolved in a 
minimal amount of water and recrystallized twice more. The 2X-recrystal-
lized compound melted at 203 C. On chromatography in n-butanoliNHa, one 
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spot was obtained which had an Rf twice that of hi stidine. 
Isolation of Amitrole-Resistant Mutants 
s. aureus 655 was mutagenized with either ultraviolet light, diethyl 
sulfate (Bronson, 1966) or n-methyl-n-nitroso-n'-nitroguanidine (Trefzger, 
1968). After mutagenesis, the cells were harvested, resuspended in P & D 
broth and incubated for 1 hr. The cells were then collected by centrifuga-
tion and resuspended in 1 ml of saline. One tenth ml quantities were plated 
on 20 AT-S agar. After 48 hr., colonies were picked, resuspended in 2 ml 
of sterile saline, and streaked for isolation on 20 AT-S agar. The isolates 
were then tested for their ability to grow on 20 AT-S, 50 AT-S and 100 AT-S 
agar. 
The resistance to amitrole is denoted by the prefix atr and the order 
of isolation is indicated by number {e.g. atr-6^ etc.). 
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RESULTS 
Methods of Lysis 
The results obtained with lysates of Staphylooooaus aureus prepared 
with the staphylolytic enzyme from Pseudomonas aeruginosa were variable. 
The degree of lysis and the specific activities of the enzymes in these 
lysates were dependent on the degree of purity of the staphylolytic enzyme. 
The enzyme purified through Sephadex G-200 lysed S. aureus (5-6 mg/ml of 
protein), but was extremely unstable. In order to store the 6-200 enzyme 
and the P enzyme for any length of time, O.IM NaaHPOi» was added to the 
enzyme before lyophilization. Because the NazHPO^ was not adequately 
diluted when the staphylolytic enzyme was used, inefficient lysis resulted 
(Burke and Pattee, 1967). For this reason lysozyme and sonication were 
employed in an attempt to increase lysis. Lysozyme did not increase lysis 
(2.0 mg/ml of protein were obtained from lysate prepared either with or 
without lysozyme). Sonication increased lysis two-fold (4 mg/ml of protein). 
However, lysates with a higher concentration of protein were needed. Lysis 
was very rapid with the (NHi»)2S0if enzyme; the specific activity of the HDL 
dehydrogenase of hisE-49 lysed with the (NHt)zS04 enzyme was 0.77. The only 
difficulty encountered was that the efficiency of the staphylolytic enzyme 
varied from one batch to another, so that special care had to be taken in 
the purification procedure. 
The degree of lysis obtained with the Braun Mechanical Cell Homo-
genizer was too inconsistent to be of value. Because it was extremely 
difficult to control the temperature with liquid CO2, the cells were fre­
quently frozen during the process, which resulted in poor lysis. Also, 
31 
large volumes of cells were needed for lysis; thus, although optimum lysis 
in the homogenizer resulted in lysates containing 6-7 mg/ml of protein, it 
was not the method of choice. 
Among those enzymes for which assays were performed, acetone-dried 
cells exhibited only lactic dehydrogenase activity. 
Table 1 shows the results obtained when S. aureus was lysed with the 
Biosonik II and lysostaphin. The efficiency of lysis with either method 
was similar, and these were the two methods routinely employed for the 
lysis of S. aureus. Lysostaphin was used in all experiments when more than 
one extract was prepared and when, unstable enzymes were being assayed. The 
degree of lysis with lysostaphin was less when P(\ buffer was used. The 
specific activity of HOL dehydrogenase was less when lysis was performed in 
TEA buffer because this buffer caused a slight interference with the de­
hydrogenase assay; however, since TEA was the optimum buffer for the assay 
of other enzymes studied, it was the buffer used in most experiments. 
Table 1. The degree of lysis of S. aureus hisE-éd with the Biosonik II 
and lysostaphin in TEA and POi» buffer 
Method of lysis Protein Specific activity 
(mg/ml) (units/mg of protein) 
_ — — 
dehydrogenase dehydratase 
Biosonik II in PO4 8.40 1.70 
Biosonik II in TEA 7.88 1.57 1.22 
Lysostaphin in POi» 4.60 1.53 1.12 
Lysostaphin in TEA 7.35 1.29 1.30 
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The Specific Activities of the Histidine 
Biosynthetic Enzymes in SalmoneZla typhimurium 
The specific activities of the histidine biosynthetic enzymes were 
determined for S. typhimurium to verify that the assays were being per­
formed correctly. Table 2 lists the specific activities obtained in this 
laboratory and the values reported by HartmanJ The activities of the 
phosphatase and transaminase were determined according to Ames et at. 
(1960). A unit of activity of PR-ATP pyrophosphorylase was defined as the 
increase in O.D. at 290 nm in 5 min. The units of activity of IGP dehydra­
tase and HOL dehydrogenase have been previously defined. The HP phospha­
tase activity was lower than that reported because a slight amount of 
protein was precipitated in the assay, resulting in a lower final O.D. 
(Ames et a%., 1960). 
To determine if the enzymes necessary to convert PR-ATP to IGP were 
present, the ability of the Salmonella lysate to convert ATP and PRPP to 
AICAR and IGP was tested. AICAR was produced, but the assay was extremely 
difficult to quantitate. 
HOL Dehydrogenase 
The effect of enzyme concentration 
The relation of the reaction rate to enzyme concentration is shown in 
Figure 2. The reaction was linear to an O.D. of 1.2. The reaction was 
^Hartman, P. E., Department of Biology, John Hopkins University, 
Baltimore, Maryland. The histidine biosynthetic enzymes of Salmonella, 
typhimurium. Unpublished typewritten manuscript. 1968. ' 
Figure 2. The effect of enzyme concentrations on the activity of HOL dehydrogenase 
The assay tube contained 0.4 ml 1M PO4 (pH 8.5), 0.01 ml of O.OIM CdSO^, 0.2 ml of dye 
mix, 0.02 ml of 0.05M HOL and cell extract. An extract of hisE-49 which had been passed 
through a P-2 column was used. After the assay was incubated for 15 min. at 37 C, the 
reaction was stopped with 0.2 ml of IN HCl. The O.D. of the mixture was determined at 
520 nm. 
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Table 2. The specific activities of the histidine biosynthetic enzymes 
in Salmonella typhimwpiim LT-2 
Enzyme Specific activity (units/mg protein) 
Observed Reported® 
PR-ATP pyrophosphorylase 0.51 — —  — —  
IGP dehydratase 4.80 6.00 
lAP transaminase 1.49 1.50 
HP phosphatase 6.50 12.00 
HOL dehydrogenase 1.10 1.80 
Hartman, P. E., Department of Biology, John Hopkins University, 
Baltimore, Maryland. The histidine biosynthetic enzymes of Salmonella 
typhimurium. Unpublished typewritten manuscript. 1968. 
linear with respect to time when the reaction was incubated for 6 to 20 
min. A side reaction occurred in the blank (Figure 3) which could be com­
pensated for by the addition of various cations, the use of small quanti­
ties of enzyme extract, or the passage of the extract through a P-2 column. 
TEA buffers exaggerated the reaction in the blank. The side reaction in 
the blànk varied with different strains of s. ccuveus. In two mutants used 
in this study, hisC-14 and atr-30, the reaction in the blank could not be 
eliminated by any of the above methods. Therefore, it was impossible to 
calculate the specific activity of HOL dehydrogenase in these mutants. 
The effect of substrate concentration 
The effect of various concentrations of HOL on the reaction rate was 
determined (Figure 4). The same results were plotted according to Line-
Figure 3. The increase in O.D. with time in the HOL dehydrogenase assay 
blank and reaction 
The enzyme was assayed as described in Figure 2. A crude 
enzyme preparation of hisE-49 was used. 
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Figure 4. The effect of HOL concentration on the activity of HOL dehydrogenase 
The enzyme was assayed as described in Figure 2. 
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weaver-Burk for the determination of a Km value (Figure 5). The Km was 
8.74 X 10~®M. If L-histidine (IGT^M) was added to the reaction, no in­
hibition of the enzyme was seen. 
The effect of various concentrations of NAD on the reaction rate was 
determined (Figure 6). The Km for NAD was 2.17 x IGT^M when plotted 
according to Lineweaver-Burk (Figure 7). Nicotinamide adenine dinucleo­
tide phosphate and flavin adenine dinucleotide did not substitute for NAD. 
The effect of buffers and pH 
The effect of pH using several different buffers is shown in Figure 8. 
The enzyme was most active in IM POi» buffer, pH 8.6. The side reaction in 
TEA, discussed previously, was the main reason that the activity was lower 
in TEA buffers. 
The effect of temperature 
The effect of temperature on the activity of the enzyme is shown in 
Figure 9. The optimum temperature appeared to be 37 C. This was the 
incubation temperature employed in all assays. 
The effect of cations 
HDL dehydrogenase was assayed after the addition of various cations 
to the assay mixture. The results are shown in Table 3. CdSO% almost 
tripled the activity of the enzyme and was routinely employed in all 
assays. CdSO* decreased the reaction in the blank by about one-half in 
addition to increasing the enzyme-specific reaction. MnClz and CuSOi» 
eliminated all of the reaction in the blank but did not increase the 
reaction in the reaction tube; in fact, CuSO^ inhibited the reaction. 
Figure 5. A Lineweaver-Burk plot of the data presented in Figure 4 
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Figure 6. The effect of NAD concentration on the activity of HOL dehydrogenase 
The enzyme was assayed as described in Figure 2. 
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Figure 7. A Lineweaver-Burk plot of the data presented in Figure 6 
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Figure 8. The effect of pH on the activity of HOL dehydrogenase 
The enzyme was assayed as described in Figure 2. 
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Figure 9. The effect of temperature on the activity of HOL dehydrogenase 
The enzyme was assayed as described in Figure 2. 
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The enzyme did not appear to be entirely dependent on any cation, because 
the addition of EDTA at 10"^M did not inhibit the activity of the enzyme. 
Table 3. Effect of various cations on the activity of HOL dehydrogenase 
Cation added Molarity Activity {%) 
None — — 100 
CaAc 2 X 10-3 104 
CdSOt 2 X 10-4 288 
CuSOif 2 X 10-4 73 
EDTA 1 X 10": 91 
EDTA 2 X 10-3 94 
Feci 3 2 X 10'3 115 
HgClz 2 X 10-4 60 
KCl 1 X 10-1 119 
Li OH 2 X 10-3 87 
MgCla 2 X 10-3 121 
MnClz 2 X 10-3 140 
NaCI 1 X 10-1 119 
ZnClz 2 X 10-4 119 
Stability 
When S. aureus was lysed in IM POi» buffer, the crude enzyme was 
completely stable for 24 hr. at 4 C; 18% of the activity was lost in 3 
days and 35% was lost in 1 week. When the enzyme was stored at -15 C, 
the crude enzyme was stable for at least 4 months. When enzyme that had 
been passed through a P-2 column was stored at -15C, 40% of the activity 
was lost in 2 months. When the cells were lysed in TEA buffer, 50% of 
the activity of the crude enzyme was lost in 24 hr. and 65% in 3 days at 
52a 
4 C; however, if the enzyme was stored at -15 C, the enzyme was completely 
stable for at least 1 month. 
Reduction of NAD at 340 nm as_ a^ measure of HOL dehydrogenase activity 
This assay for HOL dehydrogenase was approximately four times less 
sensitive than the assay which uses the dye mixture. However, this assay 
was of value when the assay mixture needed to be chromatographed, when 
different substrates were employed, or when reducing agents such as 
mercaptoethanol and CIeland's reagent were employed. 
The proportionality of the reaction rate to enzyme concentration is 
shown in Figure 10. The reaction was linear with respect to time (Figure 
11), and no side reaction occurred in the blank whether or not the enzyme 
was passed through a P-2 column. Table 4 lists the activity of the enzyme 
in various buffers. TEA, pH 8.6 and TRIS, pH 9.0 were normally used for 
the assay. The effect of MnClz, MgClz and CdSO* on the assay were tested. 
MnCla, MgClz and CdSOt increased the activity of the enzyme 2.24X, 1.39X 
and 1.88X respectively. Mercaptoethanol and Cleland's reagent had no 
inhibitory or stimulatory effect on the enzyme. 
When the enzyme mixture was chromatographed after incubation, one 
spot corresponding to the histidine standard and one spot corresponding to 
the HOL standard were obtained. No spots were obtained from the blank 
which contained no HOL and only one spot corresponding to HOL was obtained 
from an assay mixture to which HOL was added at the completion of the 
reaction. 
Figure 10. The effect of various concentrations of enzyme on the 
activity of HOL dehydrogenase 
The assay tube contained 0.5 ml of 0.2M TEA buffer (pH 8.6), 
0.1 ml of NAD (9mg/ml), 0.02 mg of 0.05M HOL and cell 
extract. The O.D. of the mixture was determined at 340 nm 
after incubation at 37 C for 10 min. An extract of atr-50 
which had been passed through a P-2 column was used. 
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Figure 11. The increase in O.D. with time when HOL dehydrogenase is 
measured by the reduction of NAD at 340 nm 
The assay was performed as described in Figure 10. 
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Table 4. The effect of pH on the activity of HOL dehydrogenase as 
measured by the reduction of NAD at 340 nm 
Buffer pH Activity 
IM PO4 8.7 8.04 
IM PO4 7.5 0.12 
0.2M TEA 8.0 10.20 
0.2M TEA 8.6 13.20 
0.2M TEA 9.0 11.40 
O.IM TRIS 8.0 9.90 
O.IM TRIS 8.5 9.60 
O.IM TRIS 9.0 13.50 
Lactic Dehydrogenase 
This enzyme was originally assayed in O.IM TRIS buffer, pH 9.0. 
The reaction rate was proportional to the concentration of enzyme (Figure 
12). However, the reaction rate was linear as a function of time for 
only the first few minutes. Other buffers were tried, and in POi» buffer 
the reaction continued to be linear with time (Figure 13). For this 
reason PO4 buffer was routinely used for all assays. This assay was 
extremely sensitive and very small amounts of cell extract were required 
to perform the assay. 
Figure 12. The effect of enzyme concentration on the activity of 
lactic dehydrogenase 
The assay tube contained 0.4 ml of IM POi» buffer, pH 8.5, 
0.2 ml of dye mix, 0.03 ml of 5mM sodium lactate and crude 
cell extract from s. aureus 655. After incubation at 37 C 
for 5 min., 0.2 ml of IN HCl was added. The O.D. was 
determined at 520 nm. 
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Figure 13. The effect of various buffers on the reaction rate of 
lactic dehydrogenase 
The assay was performed as described in Figure 12. 
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IGP Dehydratase 
The effect of enzyme concentration 
The dependence of the reaction rate on enzyme concentration is shown 
in Figure 14. The reaction rate was linear with respect to time (Figure 
15). The initial lag was more accentuated if the assay was performed at 
37 C rather than 45 C. 
The effect of substrate concentration 
The effect of the concentration of IGP on the reaction rate was 
determined (Figure 16). When this data was plotted according to Line-
weaver-Burk (Figure 17), the Km was 5.5 x iCr^M. The concentration of 
IGP used in this study was much lower than that reported by Ames (1957) 
in his study of the IGP dehydratase of Neurospora orassa because he used 
the dry weight of IGP to determine molarity and in this study periodate 
oxidation was used. If histidine (IQ-^M) were added to the assay mixture, 
no inhibition was detected. 
The effect of temperature 
The effect of temperature on the activity of IGP dehydratase is 
shown in Figure 18. Although the activity was higher at temperatures in 
excess of 45 C, this temperature was used in all assays for convenience 
and consistency of conditions. I 
The effect of reducing agents and cations 
It was originally noticed that if mercaptoethanol and MnClg were 
omitted from the assay mixture, little activity was detected (Table 5). 
Table 6 shows the effect of various concentrations of mercaptoethanol 
Figure 14. The effect of various concentrations of enzyme on the 
activity of IGP dehydratase 
The assay tube contained 0.3 ml of TEA buffer mixture 
(pH 8.1), 0.01 ml of 1 X lOr^M IGP and cell extract. 
The buffer mixture contained mercaptoethanol and MnClg. 
A cell extract of abv-50 which had been passed through a 
P-2 column was employed. After incubation at 45 C for 
30 min., 0.7 ml of 1.5N NaOH was added. The mixture was 
allowed to stand for 20 min. at 37 C, and the O.D. was 
determined at 290 nm. 
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Figure 15. The reaction rate for IGP dehydratase 
The enzyme was assayed as described in Figure 14. 
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Figure 16. The effect of the I6P concentration on the activity of 
IGP dehydratase 
The assay was performed as described in Figure 14. 
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Figure 17. A Lineweaver-Burk plot of the effect of IGP concentration 
on the activity of IGP dehydratase with and without 
2 X 10" amitrole 
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Figure 18. The effect of temperature on the activity of I6P dehydratase 
The assay was performed as described in Figure 14. 
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Table 5. The effect of mercaptoethanol and MnClz on the activity of 
IGP dehydratase 
Addition Activity (%) 
Mercaptoethanol® and MnClz^ 100 
Mercaptoethanol 85 
MnClz 43 
None 24 
*0.05M. 
^2 X lor^M . 
Table 6. The effect of various concentrations of reducing agents on the 
activity of IGP dehydratase 
Reducing agent Molari ty Activity (%)® 
Mercaptoethanol 2.9 0 
I I  0.95 20 
tl 0.29 86 
I I  0.086 100 
11 0.048 100 
I I  0.029 93 
I I  0.0029 76 
I I  0.00048 33 • 
CI el and's reagent 0.2 67 
I I  0.067 94 
I I  0.02 96 
I I  0.002 71 
I I  0.00067 47 
I I  0.000067 24 
®An activities were determined in the presence of 2 x lOr^M MnClg. 
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and Cleland's reagent on the assay. Cleland's reagent at 0.02M will 
substitute for mercaptoethanol. 
The effect of various cations on the activity of the enzyme is shown 
in Table 7. MnClz and CdSO^ caused a slight stimulation of the enzyme 
activity. MgClz, CuSO^ and FeCla had a slight inhibitory effect on the 
activity of the enzyme. HgClz, ZnClz, KCl and KH2PO4 caused considerable 
inhibition of enzyme activity and EDTA strongly inhibited the enzyme 
activity. 
The effect of amitrole 
The inhibition of IGP dehydratase by amitrole is shown in Table 8. 
As the concentration of IGP was increased, the effect of amitrole was 
decreased (Figure 17). Amitrole (2 x lOT^M) had no effect on any of the 
other enzymes in the histidine pathway that have been tested. 
The effect of pH 
The effect of pH on IGP dehydratase is shown in Figure 19. The 
optimal pH for activity was 8.2; however, significant activity was obtained 
from a pH of 7.0 to 9.0. If TRIS buffer was employed, similar results were 
obtained. Less than 30% of the activity obtained in TEA or TRIS buffer 
was obtained when PO4 buffer was used (See Table 7). 
Stabi1i ty 
When the crude enzyme was stored at 4 C in TEA, 65% of the activity 
was lost in 24 hr., but if the enzyme was stored at -15 C, no activity 
was lost in 1 week. After 1 week at -15 C, the activity slowly decreased. 
When enzyme passed through a P-2 column was stored at 4 C, all activity 
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Table 7. The effect of various cations on the activity of IGP dehydrase 
Cation Molarity Activity (%)® 
None ---- 100 
CaAc 1 X lOr* 97 
CdSOu 1 X 10— 121 
CUSO4 1 X 10-4 87 
EDTA 2 X 10-3 7 
Feci 3 1 X 10-4 88 
HgClz 1 X 10— 56 
KCl 1 X 10-2 46 
KzHPO^ 1 X 10-2 29 
MgClz 1 X 10-4 82 
MnClz 2 X 10-4 117 
MnClz 1 X 10-s 105 
ZnClz 1 X 10-4 33 
®A11 assays were performed in the presence of 0.05M mercaptoethanol. 
Table 8. The effect of amitrole on the activity of IGP dehydratase 
Concentration of amitrole (M) Activity (%) 
None 100 
1 X 10-® 100 
1 X 10-5 86 
1 X 10-4 48 
1 X 10-3 13 
1 X 10-2 4 
Figure 19. The effect of pH on the activity of I6P dehydratase 
The enzyme was assayed as described in Figure 14. 
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was lost in 24 hr.; however, at -15 C, this enzyme preparation was as 
stable as the crude enzyme. 
Chromatography 
If the assay mixture was chromatographed and sprayed with diazo-
sulfanilic acid and then 5% CuSOi», one yellow spot corresponding to the 
IGP standard and one purple spot which had the same Rf as lAP were obtained. 
When the chromatograms were tested for the presence of phosphates, one 
large spot corresponding to both of the diazo-positive spots was obtained. 
If the mixture was acid-hydrolysed before chromatography, two spots which 
had the same Rf as IG and IA were obtained after spraying with the diazo 
reagent. The peak in the UV spectrum in alkali was changed from 290 nm 
to 370 nm after acid-hydrolysis. This is characteristic of lA. 
HP Phosphatase and lAP Transaminase 
Although a variety of conditions were used in attempts to detect HP 
phosphatase activity, in no case was a reproducible assay obtained. Cells 
from various stages of the growth cycle were used for lysis, lysis methods 
were varied, buffers for lysis and for the assay were varied, stabilizing 
agents such as glycerol, mercaptoethanol, CI el and's reagent and cations 
were added, the substrate level was varied, and crude and P-2-treated 
lysates were used. None of these methods helped in the detection of enzyme 
activity. If any of the assay mixtures were chromatographed, no HOL was 
detectable. 
To eliminate the possibility that the assay was being performed 
incorrectly, the assay was standardized with K2HPO1»; 0.01 ymole of K2HPO4 
resulted in a reading of 0.20 O.D. units at 820 nm. [Ames et al, (1961) 
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reported that 0.01 ymole of K2HPO4 resulted in an O.D. of 0.26.] Also, 
the assay was sensitive, reproducible and specific with S. typhimuriian 
extracts. 
A reproducible assay for lAP transaminase was also unobtainable. 
Modifications, similar to those used in attempts to detect HP phosphatase 
activity, were tried; in addition, pyridoxal phosphate and inhibitors of 
phosphatases were used. If any of these assay mixtures were chromato-
graphed, only one spot corresponding to the substrate, HP, was obtained. 
Because the absorption maximum of lAP, the end product of this reaction, 
was at 290 nm at alkaline pH, high levels of protein made accurate inter­
pretation of O.D. very difficult. For this reason, HCl was added to the 
reaction mixture at the end of incubation, and this acidified mixture was 
boiled 30 min. before the addition of NaOH. Boiling in acid should have 
converted any lAP to lA which has an absorption maximum at 370 nm. No lA 
was detectable by spectroscopy or chromatography. 
In an attempt to detect lAP transaminase and HP phosphatase, IGP and 
HP were substituted for HOL in the HOL dehydrogenase assay. The results 
of substituting HP for HOL when the reduction of NAD at 340 nm was measured 
is shown in Figure 20. These assay mixtures were chromatographed to 
determine if any histidine or HOL was present. In the solvents employed, 
HP and histidine were not widely separable although, according to Ames and 
Mitchell (1955), HP and histidine were separable in the methanol :chloro­
form: formic acid solvent. No HOL was ever detected by chromatography, and 
if these same assay mixtures were tested for the presence of inorganic 
phosphate, none was detected. 
Although no HOL was ever detected in chromatography of the HP 
Figure 20. The utilization of I6P and HP in place of HDL in the HDL 
dehydrogenase assay 
The assay mixture consisted of 0.5 ml of TEA buffer (pH 8.1) 
containing 2 x 10"''M MnClz and 0.05M mercaptoethanol, 0.1 ml 
of NAD (9 mg/ml), 0.5 ml of a crude cell extract of atrSO 
and 0.02 ml of 0.05M HOL, 0.05M HP or lOr^M IGP. The assay 
was incubated at 37 C while the O.D. was measured at 340 nm. 
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standard, it was impossible to rule out the possibility that a minute 
amount of HDL was contaminating the HP, and that this was responsible for 
the reaction. Because the reaction continued to increase with time, this 
argument was discarded. For if only a small amount of HOL was present, 
the reaction would have stopped when the HOL was depleted as happened in 
the assay if limiting amounts of HOL were used as substrate. 
IGP was used in place of HOL in the assay that measured the reduction 
of NAD at 340 nm; the results are shown in Figure 20. A reaction did 
occur; when this reaction mixture was chromatographed, a faint spot 
corresponding to IGP, a purple spot corresponding to lAP, and a very faint 
spot corresponding to histidine were obtained. No HOL or HP spots were 
ever obtained. Thus, IGP and HOL could be converted to histidine, and lAP 
could be detected as an intermediate. The only intermediate that could 
not be detected was HP. 
PR-ATP Pyrophosphorylase 
PR-ATP pyrophosphorylase could be assayed; however, the reaction was 
very weak and the enzyme was extremely unstable and was not detectable in 
every lysate prepared. The normal activity obtained was an O.D. change at 
290 nm of 0.16/hr/mg/ml of protein (Figure 21). This activity started to 
decrease about 2 hr. after the preparation of the lysate and rapidly 
disappeared. Although various stabilizing agents were added to the lysate 
in order to increase the stability of the enzyme, none were effective. 
Either 0.2M TEA (pH 8.1) containing 10"^M MgClj or IM PO4 (pH 8.0) con­
taining 10"'M MgClz were sufficient for the detection of activity. If 
O.IM TRIS (pH 8.0) containing 10"^M MgClg was used, a precipitate formed 
1 
Figure 21. The increase in O.D. with time in PR-ATP pyrophosphorylase assay 
The assay mixture consisted of 0.5 ml of IM PO4 (pH 8.1) containing 10"^M MgClz, 
0.03 ml of O.IM ATP, 0.03 ml of 6.6mM PRPP and 0.03 ml of a crude cell extract of 
atr-50 which contained 9.5 mg/ml of protein. The increase in O.D. at 290 nm was 
measured at 30 C. 
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in the tubes. The reaction was inhibited by L-histidine (10"^M). 
In an attempt to develop a more reliable assay, the ability of 
S. aureus to convert PRPP, ATP and glutamine to ÎGP and AICAR was tested. 
The amount of AICAR formed was determined by the Bratton-Marshall test. 
Before the Bratton-Marshall test could be used to determine the amount of 
BBM II formed, the assay mixture had to be boiled in acid for 5 min. TEA 
buffer had to be used in the assay because PO4 caused complete inhibition 
of the Bratton-Marshall test even with the AICA standard. TRIS buffer 
caused a precipitate to form in the assay tube. The assay was impossible 
to quantitate because of the bubbles that formed in the tube when ammonium 
sulfamate was added; therefore, all results were recorded in terms of the 
degree of pink color that developed when N-(1-napthy1)ethylenediami ne was 
added. Table 9 shows the results obtained. As the concentration of the 
cell extract was increased, the degree of color which developed increased. 
This assay had to be tested within 2 hr. after the preparation of the 
lysate or the activity disappeared. L-histidine inhibited th® reaction, 
before the formation of BBM II. 
To test for specific enzymes in the conversion of PRPP and ATP to 
AICAR and IGP in s. aureus, the assay was performed in the presence of an 
extract of a s. typhirmrivm mutant which was blocked at a specific point 
in this part of the pathway. When hisE-ii was used, very positive assays 
were obtained, indicating that the E enzyme in S. aureus was functional. 
This assay could be tested for as long as 5 hr. after the preparation of 
the lysate and still be positive. Thus, although S. oMrews converts ATP 
and PRPP to BBM II and AICAR at a slower rate than Salmonella, all the 
necessary enzymes are functional. 
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Table 9. The ability of S. aureus to convert ATP and PRPP to BBM II and 
AICAR as measured by the Bratton-Marshall test 
Assay mixture Pink color developed® 
Boiled 5 min. in HCl^ Direct^ 
Complete^ +3 +1 
- atr-50 extract 0 0 
- PRPP +1 0 
- ATP 0 0 
- glutamine +3 0 
+ histidine (5 x lOT^M) +1 0 
+ Sahnonetta hisE-ll (0.05 ml) +5 +3 
+ Salmonella hisE-11 and - atr-50 0 0 
®The intensity of pink color developed was graded from 0 to +5; 
0 = no pink, +1 = faint pink, +3 = pink, +5 = deep pink. 
''Estimate of BBM II concentration. 
^Estimate of AXCAR concentration. 
^The complete assay contained; 0.5 ml of TEA (pH 8.0) containing 
10"MgClz, 0.03 ml of 0.1M ATP, 0.05 ml of crude atr-50 extract, 0.03 ml 
of O.IM glutamine and 0.03 ml of 6.6mM PRPP. 
Enzyme Activities of Histidine-Dependent 
Mutants of S. aureus 
All of the histidine-dependent mutants of S. aureus except hi8D-32 
grew well on 2 yg/ml of HOL although if inoculated at a concentration of 
1.5 X 10® cells/ml, the HOL was depleted in the medium after 6 hr., as 
judged by a slowdown in growth. The cells were incubated for 2 hr. after 
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the depletion on HOL and the activity of HOL dehydrogenase and I6P 
dehydratase were tested in the mutants. The results are shown in Table 10. 
When compared to S, aureus 655 grown without histidine, the specific 
activity of the enzymes was slightly higher in all histidine-dependent 
mutants tested except that the dehydrogenase activity was 100 x lower in 
the D mutant and the dehydratase activity was 400 x lower in the B mutant. 
Lactic dehydrogenase activity was lower in all the histidine-dependent 
mutants than in strain 655. 
I 
Formyl-histidine did not support the growth of any histidine-dependent 
mutant of S. aureus. 
Amitrole-Resistant Mutants 
The effect of amitrole on S. aureus 655 
Because difficulty was encountered in assaying some enzymes involved 
in histidine biosynthesis in S. aureus, a method was sought to increase 
enzyme activity. In S. typhimurium, amitrole is known to inhibit growth, 
but this inhibition is soon overcome and highly derepressed levels of 
enzymes are detected after the inhibition is overcome (Hilton et at., 1965). 
The effect of amitrole on the growth of S. aureus was determined (Figure 
22). Although amitrole did inhibit the growth of the cells, the inhibition 
was never overcome. If amitrole was added at 0 time, inhibition of growth 
was even more severe. If cells grown on amitrole were assayed for HOL de­
hydrogenase, no increase in activity was detected. It appeared that the 
mechanism of action of amitrole was different in S. aureus than S, typhi-
murium, even though the sensitivity of the IGP dehydratase was similar in 
both organisms (See Figure 17 and Table 8). 
Figure 22. The effect of amitrole on the growth of S. aureus 655 
Amitrole was added at various concentrations: © , control; 
#, lOmM; D, 20 mM; A, 40mM; C , 20mM + O.OgmM histidine; 
A, 20mM +0.1nM adenine; 0» 20mM + histidine + adenine. 
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Table 10. The specific activities of IGP dehydratase and HOL 
dehydrogenase in histidine-dependent mutants of S. aureus^ 
Mutant Specific activity (units/mg of protein) 
IGP 
dehydratase 
HOL 
dehydrogenase 
Lacti c 
dehydrogenase 
hisAa-1 0.75 0.98 4.8 
hisAb-12 1.22 0.75 2.7 
kisAc~76 1.08 : 0.36 4.6 
hisB-2 0.002 0.73 — 
hisC-14 1.50 b 3.5 
hisD-32 1.25 0.005 1.0 
hisE-49 1.74 1.15 4.3 
kisGa-75 1.69 0.96 7.8 
hisGb-13 3.26 1.07 11.5 
655 0.80 0.59 18.9 
All histidine-dependent mutants except hi8D-S2 were grown in 2 ug/ml 
of HOL. Mutant hisD-32 was grown in 2 ug/ml of histidine. Strain 655 was 
grown without histidine. 
h See page 32. 
Isolation of atr mutants 
Since the histidine biosynthetic enzymes of S. aureus did not de-
repress in the presence of amitrole, it was postulated that any mutant 
capable of overcoming the inhibition of amitrole would have derepressed 
levels of histidine enzymes. Strain 655 was plated on S agar containing 
amitrole to determine the highest concentration which was inhibitory. 
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Strain 655 grew on S agar containing lOmM amitrole but not on S agar con­
taining 20 mM amitrole. S. aureus 655 was mutagenized and plated on 20 
AT-S agar. All of the resulting colonies were tested for their ability 
to grow on higher concentrations of amitrole. Because derepressed cells 
should overproduce histidine, the mutants were tested for their ability to 
stimulate the growth of a histidine-dependent mutant of S. ccureus. The 
results of these tests are summarized in Table 11. 
Growth responses and genetic analysis of atv mutants 
Regulatory mutants of S. typhimuvium^ which possess high constitutive 
levels of the histidine biosynthetic enzymes, form very distinctive 
wrinkled colonies when grown on medium with a high percentage (2%) of a 
fermentable sugar, and these mutants are unable to grow at 43 C (Roth, 
Anton and Hartman, 1966). For this reason, the ability of the atv mutants 
to grow on various media was determined (Table 12). On D-histidine, all 
the mutants except atr-l7 grew better than the wild type. On 2% glucose, 
all formed normal colonies except atr-6 and atip-14, which did not grow at 
all. At 43 C, all the mutants grew better than the wild type. 
A limited genetic analysis was performed in this laboratory (Pattee^). 
Transduction studies were performed by infecting a histidine-dependent 
mutant with a lysate of phage 83 prepared on an atv strain. The infected 
cells were plated on S agar without histidine, and the colonies were then 
transferred to 20 AT-S agar to determine the percent of cotransduction of 
Vattee, P. A., Department of Bacteriology, Iowa State University, 
Ames, Iowa. A transductional analysis of amitrole-resistant mutants of 
Staphyloooaous aureus. Private communication. 1968. 
Table 11, Summary of the characteristics of atv mutants 
Mutant Mutagenesis treatment Growth on® Stimulation^ 
of his:-3-15 
20 AT-S agar 50 AT-S agar 100 AT-S agar 
atv-6 NNQC + + + 0 
atiP-14 NNG + + + X 
atr-l? NNG + + (+) X 
atT-20 none + (+) - 0 
atr-21 UV^ + + - 0 
atv-ZO DES® + + (+^ 0 
atr-31 DES + + (+) X 
atr-22 DES + + (+) 0 
atr-34 DES + + + 0 
atr-42 DES + + + 0 
atr-4S DES + + + 0 
atr-50 none + + - 0 
655 (+) - - 0 
= good growth, (+) = very poor growth, - = no growth. 
= stimulation, - = no stimulation. 
^^NNG = N-methyl-n'-nitro-N-nitrosoguanidine. 
^UV = ultraviolet irradition. 
®DES = diethyl sulfate. 
Table 12. Growth of atr mutants on S agar with various supplements grown at 37 C and 43 C 
Mutant Growth on® 
S agar 
37 C 
S agar + 
20 D-his 
37 C 
S agar + 
50 D-his 
37 C 
S agar + 
20 D-his 
43 C 
S agar + 
2% glucose 
37 C 
S agar + 
2% glucose 
43 C 
S agar 
43 C 
655 (+) (+) 
b^ + + (+) - + - -
atr-6 a (+) + (+) (+) - - (+) 
b + + + + - - + 
atr-14 a + + + + - - -
b + + + + - - (+) 
atr-17 a (+) - - - - - -
b (+) + (+) (+) + (+) + 
atv-20 à + + - + + - + 
b + + + + + + + 
atv-S2 a + + + + + + + 
b + + + + + + + 
atr-42 a + + + + + + + 
b + + + + + + + 
atV'42 a + + (+) + + + + 
b + + + + + + + 
atV'-SO a + . + - (+) + — (+) 
b + + + + + (+) + 
hisE-49 a - - - - - - -
b — 
= no growth, (+) = extremely small colonies, + = normal size colonies-
^a = growth 24 hr. after inoculation. 
^b = growth 48 hr. after inoculation. 
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the atr marker. By this method, two mutants, atr-14 and ccbr-43t were shown 
to possess mutational sites adjacent to the G gene of the histidine region 
in S. aureus I atv-6tl7 and 42 were unlinked. 
The level of histidine biosynthetic enzymes in atr mutants 
The specific activities of HOL dehydrogenase and IGP dehydratase were 
tested in the atr mutants grown in S broth without histidine (Table 13). 
Table 13. The specific activities of HOL dehydrogenase, IGP dehydratase 
and lactic dehydrogenase in atr mutants 
Mutant Specific activity (units/mg of protein) 
HOL 
dehydrogenase 
IGP 
dehydratase 
Lacti c 
dehydrogenase 
655 0.59 0.80 18.9 
atr-6 1.07 6.36 20.8 
atr-14 0.26 1.99 16.8 
atr-17 1.53 6.59 17.6 
atr-20 2.41 10.18 17.1 
atr-20 a 5.72 6.3 
atr-21 0.62 6.60 11.0 
atr-34 2.06 7.04 17.8 
atr-42 2.53 3.85 23.0 
atr-42 0.62 2.30 9.6 
atr-50 4.72 11.95 19.1 
hi8E-49 1.15 1.74 4.3 
®See page 32. 
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All of the atv mutants had Increased levels of the enzymes over wild-type 
except atx'-l4, 31 and 43^ which had an increased level of IGP dehydratase, 
but not HOL dehydrogenase. The IGP dehydratases of the atr mutants were 
tested for their sensitivity to amitrole; in all cases, the IGP dehydra­
tase retained the same sensitivity to amitrole as the IGP dehydratase from 
655. 
Repression of the Histidine Biosynthetic Enzymes 
The ability of L-histidine to repress the histidine biosynthetic 
enzymes was tested. Table 14 shows the results of growing 655, hisE-49 
and atr-so in S broth with and without 25 yg/ml of histidine. The specific 
activities of HOL dehydrogenase and IGP dehydratase decreased when 655 and 
hisE-49 were grown in S broth with excess histidine, whereas the enzyme 
levels were unaffected by histidine in atr-50. Although not shown in Table 
14, the specific activity of lactic dehydrogenase was unaffected whether 
the cells were grown with or without histidine. 
Other compounds were tested for their ability to repress the histidine 
biosynthetic enzymes in atr-50 (Table 15). L-histidine (50 yg/ml) did not 
cause any repression. Because Chapman and Nester (1968) had reported that 
in Baaillus subtilisa tyrosine and histidine syntheses were repressed by a 
common element, the effect of tyrosine was also examined. No repression 
of the HOL dehydrogenase and IGP dehydratase v^as detected when atr-so was 
grown in the presence of excess tyrosine, although the level of lactic de­
hydrogenase was lower than normal! D-histidine did not repress the histi­
dine biosynthetic enzymes, but the lactic dehydrogenase activity was de­
creased. TSB, a nutritionally complex and complete medium, decreased the 
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Table 14. The effect of histidine on the specific activities of HOL 
dehydrogenase and IGP dehydratase 
Mutant Specific activity (units/mg of protein) 
HOL dehydrogenase IGP dehydratase 
-his +his* -his +his® 
655 0.59 0.27 0.80 0.43 
hisE^ûd 1.15^ 0.71 1.74b 0.59 
atv-50 4.72 4.70 11.95 11.87 
®The concentration of L-histidine was 25 yg/ml. 
^Mutant hi8E-49 was grown on 2 yg/ml of HOL. 
Table 15. The effect of various compounds on the levels of HOL dehydro­
genase, IGP dehydratase and lactic dehydrogenase in atr-SO 
Supplement Specific activity (units/mg of protein) 
HOL 
dehydrogenase 
IGP 
dehydratase 
Lacti c 
dehydrogenase 
None 4.08 11.66 19.9 
25 yg/ml histidine 4.44 11.47 18.6 
50 yg/ml histidine 4.39 11.55 20.8 
20 yg/ml tyrosine 3.34 10.08 5.1 
25 yg/ml histidine 
20 yg/ml tyrosine 
+ 
4.06 11.64 7.6 
50 yg/ml D-his 4.33 11.28 8.2 
TSB 1.95 0.80 5.1 
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levels of all enzymes tested. Tyrosine and D-histidine also failed to 
repress the histidine biosynthetic enzymes in hisE-49. 
The ability of excess L-histidine to repress the levels of HOL 
dehydrogenase and IGP dehydratase in other atr mutants was tested (Table 
16). In atv-6 and atr-l?^ HOL dehydrogenase activity was not repressed 
when grown in excess histidine; the IGP dehydratase level was repressed. 
In atr-20, both of the enzymes were repressed by excess L-histidine. The 
levels of the enzymes in the other atr mutants did not appear to be re­
pressed by excess histidine. 
Table 16. The effect of histidine on the specific activities of HOL 
dehydrogenase and IGP dehydratase in atr mutants 
Mutant Specific activity (units/mg of protein) 
HOL dehydrogenase IGP dehydratase 
-his +his® -his +his® 
655 0.59 0.27 0.80 0.43 
atr-6 1.07 1.04 6.36 2.70 
atr-14 0.26 0.31 1.99 2.25 
atr-17 1.53 2.51 6.59 3.75 
atr-20 2.41 1.53 10.18 5.60 
atr-34 2.06 1.90 7.04 5.96 
atr-42 2.53 2.61 3.85 4.01 
atr-43 0.62 0.72 2.30 2.39 
hisE-49 1.15^ 0.71 1.74b 0.59 
*The concentration of L-histidine was 25 %g/ml. 
^"Mutant H8E-49 was grown in 2 yg/ml of HOL. 
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DISCUSSION 
The levels of the histidine biosynthetic enzymes in Staphyloaooous 
aureus were shown to be lower than in Salmonella typhimurium. In S. 
typhïmuHum LT-2, the specific activity of the IGP dehydratase was six 
times higher and the specific activity of the HOL dehydrogenase was three 
times higher than in 5. aureus 655. The regulatory mutants of S. typhi­
murium which have been isolated were derepressed 20-fold for the histi­
dine biosynthetic enzymes (Roth, Anton and Hartman, 1966), whereas the 
highest level of derepression in the atr mutants of s. aureus was 10-fold. 
In S. aureus 655, no PR-ATP pyrophosphorylase activity was detected. 
The PR-ATP pyrophosphorylase activity in atr-SO, which had very high levels 
of IGP dehydratase and HOL dehydrogenase, was 30 times less than that found 
in S. typhimurium LT-2. Mutant atr-SO could convert ATP, PRPP and glutamine 
to AICAR and IGP, although not nearly as rapidly as Salmonella. In strain 
655 and mutant hisE-49 of s. aureus ^ this conversion could not be demon­
strated. When the conversion of ATP, PRPP and glutamine was performed with 
cell extracts of atr-50 and Salmonella hisE-ll, the reaction obtained was 
similar to that obtained with cell extracts of s. typhimurium LT-2, indi­
cating that the E enzyme of S. aureus was not the rate-limiting enzyme in 
this conversion. If it had been possible to quantitate this assay, other 
Salmonella mutants would have been used to determine which step was rate-
limiting in this conversion in S. aureus. If the actual substrates for 
the enzymes involved in this conversion had been available, the activity 
of each of these enzymes would have been determined. 
It is unknown why HP phosphatase and lAP transaminase activities were 
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not detected. The lAP transaminase may not have been detected under the 
conditions used because the reaction was being assayed in reverse. However, 
a reliable assay for lAP transaminase was developed in S. typhimuHum and 
Neurospora orassa employing this reverse reaction. It is also possible 
that a-ketoglutamate was not the amino acceptor in S. aureus. In N. orassa^ 
a-ketoadipate and a-keto-ô-guanidinovalerate produced one-half the activity 
of a-ketoglutamate; oxalacetate and pyruvate were inactive (Ames and 
Horecker, 1956). 
It is unclear if HP actually substituted for HOL in the HOL dehydro­
genase assay. A definite change in O.D. was observed, but the inability 
to separate HP and histidine by chromatography did not allow a correlation 
to be made between a change in O.D. and histidine formation. In this 
study, HP had the same Rf as reported by Ames and Mitchell (1955) in the 
methanol :chloroform:formic acid solvent, but thg Rf of histidine was much 
lower than reported. This same phenomenon occurred in»all of the other 
solvent systems used; histidine always had a lower Rf than reported and 
the Rf of histidine was always too close to the Rf of HP to allow separa­
tion. 
The inability to detect lAP transaminase and HP phosphatase activity 
directly may have been due to the grade of HP which was available as sub­
strate. Only a B grade of L-HP was available commercially, which may have 
been contaminated with D-HP. Bronson^ has found that a D-L mixture of 
^Bronson, D. L., Department of Bacteriology, Iowa State University, 
Ames, Iowa. The biosynthetic pathway of isol eueine and valine in 
Staphyloooaaus aureus. Private communication. 1969. 
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a-B-dihydroxy!sovaleric acid inhibited the dehydrase of the isoleucine-
valine pathway in S. aureus. When the pure L-isomer was used, the assay 
was reliable. In S. typhimuriumt either the racemic mixture or the L-
isomer resulted in a reliable assay for the dehydrase. 
Lactic dehydrogeanse was used as a control enzyme because it was 
readily detected in cell extracts and was not involved in histidine 
biosynthesis. The levels of enzyme were not constant from one mutant to 
another, but were constant within the same mutant under most growth con­
ditions. When s. aureus was grown with a compound which inhibited growth, 
such as tyrosine or D-histidine, or in a very complex medium, such as TSB, 
the level of lactic dehydrogenase decreased. When grown in the presence 
of 2 ug/ml of HOL, all histidine-dependent mutants had lower levels of 
lactic dehydrogenase than wild-type which was grown without histidine. 
Thus, this enzyme appears to be very sensitive to the physiological activ­
ity of the cell. Because the level of lactic dehydrogenase remained con­
stant whether or not the cells were grown in histidine, lactic dehydro­
genase was suitable as a control enzyme for repression studies. 
One way in which a metabolic analog inhibits the growth of an organism 
is by inhibiting a specific enzyme. The histidine analog, amitrole, acts 
by inhibiting the enzyme IGP dehydratase. The reason for this inhibition 
is not understood, because amitrole is no more similar in structure to IGP 
than it is to several of the other intermediates in histidine biosynthesis. 
Because amitrole does inhibit a specific enzyme, differences in the 
sensitivity of IGP dehydratase could account for differences in the in­
hibition of growth caused by amitrole in various organisms. The IGP de­
hydratases of Sacoharomyaes oerevisiae (Kloptowski and Wiater, 1965), 
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S. typhimur^um (Hilton et al., 1965) and S. aureus all demonstrate the 
same sensitivity to amitrole in in vitro studies. In contrast, the growth 
of these microorganisms in the presence of amitrole varies widely. The 
growth of S. ceveviaiae is strongly inhibited by amitrole concentrations 
as low as 3 X 10"®M, whereas the growth of S. typhimurium is only slightly 
affected by concentrations as high as 2 x 10~^M amitrole (Hilton et al., 
1965). The growth of s. aureus is inhibited by 1 x 10"^M amitrole, but 
not by concentrations less than this. The extent of derepression of the 
histidine biosynthetic enzymes appears to play a role in the differential 
sensitivity of various organisms to amitrole. In Salmonella, the histidine 
biosynthetic enzymes derepress 20-fold in the presence of amitrole (Roth, 
Anton and Hartman, 1966). The sensitivity of Salmonella is greatly en­
hanced in the presence of triazolealanine, a histidine analog which pre­
vents derepression. S. aerevisiae (Kloptowski and Wiater, 1965) and S. 
aureus are not able to derepress as readily as Salmonella. The difference 
in sensitivity between S. aerevisiae and S. aureus, both of which cannot 
derepress the histidine biosynthetic enzymes readily, may be explained by 
a difference in permeability to amitrole. 
Thus, s. aureus may acquire resistance to amitrole in three ways: 
by derepression of the histidine biosynthetic enzymes, by insensitivity 
of the IGP dehydratase to amitrole, or by impermeability to amitrole. It 
was hoped that growth on a certain medium would differeniate the dere­
pressed mutants from the other type of possible mutants because derepressed 
mutants of S. typhimurium form distinctive colonies when grown on 2% 
glucose. In S. aureus, no medium was found on which derepressed mutants 
could form colonies with a characteristic morphology. However, because 
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the IGP dehydratases of all of the atr mutants werô still sensitive to 
amitrole and because all mutants possessed higher levels of the histidine 
biosynthetic enzymes, the mutants were all thought to be regulatory mutants. 
A transduction analysis of the atr mutants was difficult because a 
selective medium to demonstrate derepressed mutants could not be found. 
The main reason that the genetic study was undertaken was to identify any 
operator mutants. Mutants atr-l4 and atr-43 appeared to be operator-consti-
tutive mutants because they mapped adjacent to the G gene in the histidine 
region; however, on the basis of their enzymatic properties these mutants 
were not characteristic of operator-constitutive mutants. Operator-
constitutive mutants should possess high levels of all the enzymes whose 
synthesis is under the control of that operator. Mutants atp-14 and atr-43 
had a high level of IGP dehydratase but not HOL dehydrogenase. The IGP 
dehydratases of these two organisms possessed the same sensitivity to 
amitrole as the wild-type dehydratase. Until reliable assays for the 
other histidine biosynthetic enzymes are developed, it will not be possible 
to determine whether the IGP dehydratase is the only enzyme in the pathway 
whose level is increased in these mutants. The fact that the level of HOL 
dehydrogenase is not increased in these mutants suggests that the histidine 
region in s. aureus is not controlled as a single operon. A more extensive 
genetic analysis did not appear to be worthwhile at the time, for the only 
conclusion that could be drawn was that the mutant site in certain of the 
atr mutants mapped within or adjacent to the histidine region. There is 
still no way to map the entire chromosome in s. aureus. 
In S. typhimurium, all regulatory mutants isolated were repressed 
when grown in the presence of excess histidine (Roth, Anton and Hartman, 
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1966). In S. aureus most of the atr mutants isolated were not repressed 
when growth in excess histidine. Since Salmonella is not usually inhibited 
by amitrole, amitrole together with triazolealanine, which prevents dere­
pression, were used by Roth, Anton and Hartman (1966) to isolate dere-
pressed mutants. Thus, the difference in isolation of the regulatory 
mutants and the speed and extent of derepression in the two organisms may 
account for the difference in repression of the regulatory mutants. 
The atv mutants of 5. aureus more closely resemble those mutants of 
Baaillus subtilis, which possess high constitutive levels of the histidine 
biosynthetic enzymes, because in both organisms, the mutants were not 
repressed by excess histidine. The difference between the two organisms 
is that in B. subtilis^ histidine and tyrosine biosyntheses are regulated 
by a common element. For this reason, atr-50 was grown in the presence of 
excess histidine and tyrosine to see if repression would occur. No re­
pression was detected, but the growth of the cells was inhibited by 
tyrosine. The exact nature of this inhibition by tyrosine should be studied 
because tyrosine may regulate the synthesis or utilization of some other 
amino acid in s. aureus, and thus, cause inhibition of growth. 
The ability of D-histidine to produce repression was studied because 
the degree of inhibition of growth by D-histidine was less in atr mutants 
than in wild-type. D-histidine does not appear to be converted to L-his-
tidine because it will not substitute for L-histidine as a growth supplement 
for hisE-49. It was postulated that D-histidine is able to attach to un­
charged histidyl-t-RNA but is unable to participate in protein synthesis. 
The atr mutants may possess enhanced resistance to D-histidine because the 
histidyl-t-RNA is changed in these organisms, or because more histidine is 
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produced to compete with the D-histidine. No repression of the histidine 
biosynthetic enzymes was apparent when atv-so^ atv-6 or atr-l4 were grown 
in the presence of excess D-histidine. The slight inhibition of growth 
was indicated by the decrease in lactic dehydrogenase activity. 
Mutant atr-20 is the only mutant in which the levels of IGP dehydra­
tase and HOL dehydrogenase decreased when the cells were grown in excess 
histidine. This was the only atr mutant isolated which was resistant to 
only 20mM of amitrole; al|l the other atr mutants were resistant to at 
least 50mM of amitrole. 
In atr-6 and atr-17, the level of IGP dehydratase decreased when the 
cells were grown in excess histidine, but the level of HOL dehydrogenase 
remained the same. No explanation is apparent for this phenomenon, partic­
ularly in the absence of reliable assays for the other histidine biosyn­
thetic enzymes. 
In conclusion, S. typhimurium and S. aureus appear to employ the same 
biosynthetic pathway to synthesize histidine and appear to have the struc­
tural genes for the enzymes clustered in the same order on the chromosome. 
The level of the histidine biosynthetic enzymes appears to be much lower 
in s. aureus than Salmonella. The regulation of the two pathways is by 
L-histidine feedback inhibition of the first enzyme and by L-histidine 
repression of the histidine biosynthetic enzymes. However, the organi­
zation of the control in the two organisms may be different. In Salmonella^ 
the synthesis of the histidine enzymes is controlled by a single coordina­
ting element. In S. aureus, the data from mutants atr-6^ atr-17, atr-14, 
and atr-43 indicate that not all the histidine biosynthetic enzymes are 
affected to the same extent and thus, the synthesis of the histidine bio-
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synthetic enzymes may not be controlled by a single coordinating element. 
Because only two enzymes in the histidine biosynthetic pathway in S. ccureus 
are easily assayed, more work must be performed to prove conclusively 
whether or not the histidine genetic region in s. aureus is a single operon. 
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SUMMARY 
The histidine biosynthetic enzymes were investigated in S. aureus. 
Reliable assays were developed for the enzymes IGP dehydratase and HDL 
dehydrogenase. PR-ATP pyrophosphorylase, the first enzyme in the pathway, 
was demonstrated s but the reaction was very weak in s. aureus. S. aureus 
converted ATP, PRPP and glutamine to AICAR and IGP, indicating that the 
enzymes necessary for this series of reactions were present. HP phos­
phatase and lAP transaminase were not detected, although IGP was converted 
to histidine. 
Mutants resistant to amitrole, an inhibitor of IGP dehydratase, were 
isolated. These atr mutants contained constitutively high levels of 
histidine biosynthetic enzymes except for mutants atr-14 and atr-43 which 
had an increased level of IGP dehydratase but not HDL dehydrogenase. These 
same mutants mapped adjacent to the G gene in the histidine region by 
transduction. 
Histidine biosynthesis was shown to be controlled in S. aureus by 
feedback inhibition of the first enzyme by L-histidine and by repression 
of the synthesis of the enzymes in the histidine pathway by L-histidine. 
The histidine biosynthetic enzymes of most atr mutants were no longer 
repressed by excess L-histidine. 
Data obtained from certain atr mutants indicate that the synthesis 
of histidine biosynthetic enzymes may not be controlled by a single coor­
dinating element in 5. aureus. 
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